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ABSHLACT 


A  solar  flat  plats  thsrnKjelectric  converter  consists  of  a  eollector 
plate  with  an  optically  selectlvs  coating,  small  sl^e  thsi  iifiuelements ,  a 
radiator  plate  and  a  siqpport  structure.  This  report  describes  the  re^ 
seaupch  imd  development  work  performed  dm'ing  the  15  month  period  of  this 
program. 


Ihe  collector  and  radiator  plates  were  folded  into  self-supporting 
structures  which,  combined  with  aluminum  rubular  members,  con5>rlsed  the 
panel  si^port  configuration.  This  design  resulted  In  a  very  low  converter 
weight,  only  53  grans  per  square  foot. 

A  niurber  of  prototype  panels,  both  4”  x  4”  and  12”  x  12”  in  area 
were  fabricated  and  tested.  The  panels  passed  specified  environmental 
test  without  physical  or  electrical  changes.  These  tests  included  sinu¬ 
soidal  vibration,  14-3000  cps.,  to  15  g's  for  45  minutes  ^  each  axis) 
raniom  vibration,  white  noise  with  an  aitplitude  of  G.05  g  for  5  minutes 
in  each  axis;  acceleration,  12  g*s  in  each  axis  for  10  minutes;  and  three 
shocks  of  40  g's  for  6  miJliseconds  in  each  axis.  The  panels  were  also 
subjected  tj  500  thermal  cycles  of  1  1/2  hour  per  cycle.  Other  panels 
were  subjected  to  over  6000  thermal  cycles  without  resistance  change. 

This  number  of  thermal  cycles  is  eg»ii valent  to  one  year’s  operatiojn. 

-I 

Evaluation  of  the  optically  selective  coatiiig  disclosed  that  the 
coating  efficiency  actually  obtained  in  the  pilot  production  runs  was 
only  of  the  literature  value.  The  processing  of  tne  bismuth  telluride 
thermoelectric  material  into  the  shape  and  size  required  for  the  solar 
panels  caused  a  decrease  in  performance  relative  to  large  size  thermo¬ 
elements.  This  decrease,  coirbined  with  basic  material  properties  inferior 
to  literature  values,  resulted  in  a  thermoelectric  efficiency  only  5096  of 
that  Initially  expected. 

The  overall  panel  performance  in  the  Earth  orbit  operational  tenp- 
erature  regime  resulted  in  approximately  11  watts  per  pound  of  panel. 

If  thermoelectric  properties  of  microelements  used  iii  panels  equalled 
those  of  larger  sizes,  aJjnost  18  watts  per  pound  could  be  attained.  Ad¬ 
ditional  engineering  effort  to  obtain  properties  given  in  the  literature 
for  thermoelectric  materials  and  opticaJ.  coatings  could  result  in  panels 
providing  almost  30  watts  per  pound. 


PUBLICATION  REmW 


Publication  of  this  technical  documentary  I'eport  docs  not  constitute 
Air  Force  approval  of  the  report’s  findings  or  conclusions.  It  is  pub¬ 
lished  only  for  the  exchange  and  stimulation  of  ideas. 
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1.  INTRODUCTION 


This  rejport  represents  the  results  of  a  one  year  research  and  de- 
velopinent  effort  on  a  solar  flat  plate  thermoelectric  space  povfer  source. 
The  major  design  criteria  and  objectives  can  be  Listed  as  follows* 

(a)  300  mile  orbit 

Cb)  One  yccj?  life  (three  years  with  thermal  storage) 

(c)  5-8  watts  per  square  foot 

(d)  15-20  watts/pound 

(e)  5(%  of  the  values  of  (e)  and  (d)  with  thermal  storage 

The  device  consists  of  flat  collector  and  radiator  plates  with 
thermoelements  sandwiched  between  them.  The  collector  plate  must  be 
coated  with  a  spectrally  selective  optical  coating  having  a  high  absorp¬ 
tivity  in  the  visual  portion  of  the  solar  spectrum  and  a  low  emlssivity 
in  the  infra-red  portion. 

Earlier  work  in  this  area,  utilizing  lead  tellurlde/zinc  antimonlde 
thermoelements  resulted  in  a  flight  tes  t  that  demonstrated  the  basic 
feasibility  of  the  system  (1,  2) .  Thermal  analysis  (3)  indicated  Hie 
possibility  of  achieving  higher  overall  efficiency  at  lower  operating 
ten^eratiires  because  the  properties  of  thermr  ‘Electric  materials,  general¬ 
ly,  decrease  as  temperatui  e  increases  and  because  radiation  losses" from 
the  collector  increase  rapidly  as  tenperature  is  increased.  Based  ipon 
this  analysis,  bismuth  teiiuride  tl.ermoe laments  at  a  hot  junction  tenper- 
ature  of  230'’C  were  selected  for  this  program. 

The  potential  advantages  promised  by  the  solar  flat  plate  thermo¬ 
electric  generator  are  high  reliabi.li  ty,  light  v/eight  and  low  cost.  The 
high  reliability  is  promised  by  (a)  Insensitivity  to  Van  Allen  radiation, 
(b)  low  operating  tenperatures,  (c)  test  results  under  thermal  cycling 
and  booster  environmental  testing  and  (d)  redundancy  obtained  by  series/ 
parallel  thermoelement  circuitry.  The  light  weight  is  due  to  the  mini¬ 
mum  weight  conponents  and  efficient  structural  design  used.  Ease  of 
fabrication  and  minimal  material  weight  account  for  the  e3q)ectation  of 
low  cost. 

A  number  of  technical  problems  required  investigation  d'jring  this 
program  and  are  discussed  in  detail  in  the  sections  that  foxxow.  The 
fabrication  ;and  testing  of  prototype  panels  submitted  to  the  Research  and 
Technology  Division  is  also  discussed. 
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2.  SYSTEM  DESCRIPTION 


Ths  solar  flat  plate  thermoelectric  generator  is  shown,  in  its  sin?)- 
lest  form,  in  the  sketch  below. 


COLLECTOR 


The  collector  plate,  made  of  aluminvun  foil,  is  coated  with  a  multi¬ 
layer  silicon  monoxide/aluminum  coating.  This  coating  has  a  high  absorp¬ 
tivity  in  the  visual  portion  of  the  spectrum  allowing  efficient  collec¬ 
tion  of  the  incident  energy.  The  coating  provides  a  low  infra-red  emiss- 
ivity  so  that  the  heat  lost  from  the  collector  by  radiation  is  limited. 
The  aluminum  foil  radiaror  is  provided  with  a  high  emissivity  coating  for 
efficient  heat  rejection. 


Thermoelectric  elements  are  located  betxveen  these  two  plates,  the 
hot  junction  formed  at  the  collector  place  cind  the  cold  junction  at  the 
radiator  plate.  The  elements  cire  connected  in  a  series/parallcl  arrange¬ 
ment  for  increased  reliability.  Except  for  that  fraction  of  the  heat 
which  is  radiated  directly  beti^ecn  the  plates,  all  of  the  input  energy, 
less  the  heat  reflected  or  radiated  by  the  collector,  is  available  for 
conversion  by  these  thermoelements.  Thermal  cind  electrical  loss  consider¬ 
ations  dictate  that  the  distance  between  thermoelements  be  small.  Weight 

considerations  dictate  in  turn  that  the  elements  be  of  a  small  size. 

• 
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3.  TPERMiU  &  TiERKOELECTRIC  DESIGN 


The  sketch  below  illustrates  the  heat  balance  for  a  solar  flat  plate 
(SF?)  .  The  first  step  in  syste~.  design  is  to  find  that  set  of  collector 
and  radiator  tenperatures  (T,  and  T-)  which  maximize  the  power  output  of 
the  device.  ^ 


RERADIATED 


REFLECTED 


AVAIL/ELE  FOR 
CONVERSION) 


(IInTRA 


— .  »  r-*—  nV? 

J.  H  X  Jk  U^i 


LOSS) 


The  following  relationships  are  readily  apparent*. 

q  -  =  aq  (a  *  collector  absorptivity) 

aq  =  qj  +  q2  *  w  =  q^  +  q^  +  w  +  q^ 

Since  w  is  small  it  can  be  neglected. 

aq  =  *  q2  =  +  q3  *  q^ 

‘^a  "  ^^2  ■ 

^1  =  /  ^1  ^l"^ 


*Thi.s  discussion  is  based  on  a  converter  of  unit  area  normal  to  the  Sun. 


*0  w 


r  4 

^2  “  ‘I  ^2  ^2 


~  Stefan  Boltznian  constant 
Ej^  =  Emissivity  of  collector 

E2  =  EntLssivity  of  radiator 

E^  =  Emissivity  between  plates 


With  these  relationships  it  is  possible,  given  a,  E^^,  E^  and  E^,  to 
select  a  collector  tenpcracure  ,  and  to  determine  unique  values  of  T2 
and  q  .  ^ 

From  (4)  the  following  relationship  can  be  obtained: 


M  =  .  1  +  I  (T^  +  To) 

T/E  =  Thermoelectric  Converter  Efficiency 

Z  =  Thermoelectric  Figure  of  ^^crit  (including  contact 
resistances  and  tenperature  dependence) 

w  =  ^  T/E  . 


For’  each  set  of  values  of  T, ,  T-,  Z,  and  r_  there  exists,  therefore, 
a  unique  val.v.c  of  '.’/E  and  ’^‘The^'goal  of  thULS  system  design  procedure 
is  to  maximize  the  value  of  w.  Tie  method  used  is  to  select  successive 


values  of  T.  and  solve  for  w,  finding  a  maximum.  The  values 
and  Z  required  for  the  solution  are  defined  in  Section  4 
6rt. 


of  a,  E. ,  ^2^ 
of  this  re- 


The  second  step  in  system  design  is  to  determine  the  size  and  spacing 
of  the  cher mo elements  ro  be  used  in  the  device. 
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From  (4)  the  following  relationships  can  be  obtained! 

qn  =  K  )  CT1-I2) 

Vo  =  N  o< 

Vc  =  (Vo) 


w  =  Vc  (I) 


where;  =  heat  transferred  thrrough  the  thermoelenisnls  by  conduction 

o  =  heat  transferred  tlirough  the  thermoelci.-.ents  by  Peltier  punp- 

^  itig 

K  =  thermal  conductivity  of  the  thermoelements 

A  =  total  thermoelement  cross  section  area 
g 

/  -  thermoelement  length 
X  =  number  of  tiicr.r.ocouples 

=  Seebeck  coefficient  of  the  thermocouples 
I  =  current,  amperes 
Vo  =  open  circuit  voltage 
Vc  =  closed  circuit  voltage 


Given  K,  7,,  N,  ,  Z,  and  it  is  possible  to  determine  A  //  . 
In  Section  4.2'^it  will  be  shown  that  a  suitably  sized  thermoelement^is 
.080"  X  .080"  X  .100"  long. 


Since  ^  and  are  now  both  defined  it  is  obvious  that  A  is 

now  known.  The  number  of  thermoelements,  Ne,  per  square  foot,  is,®there- 
fore,  A ^(.08"  x  .08").  Once  Ne  is  known  the  spacing  between  elements  is 
also  known. 
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4.  COMPONENT  & 'PROCESS  DEVELOPMENT 

4.1  Optical  Coating 

1  7 

One  of  the  most  critical  areas  in  this  I  development  effort  is  the 
spectrally  selective  collector  coatings.  Early  in  the  program,  a  number 
of  possible  industrial  sources  for  such  coatings  were  contacted  for  e- 
valuation  samples.  The  only  sc  xce  from  which  samples  were  actually  ob¬ 
tained  was  Kinney  Vacuum  Company,  Camden,  New  Jersey.  These  samples  were 
submitted  to  the  Air  Force  and  measurements*’;  were  made,  using  a  solar 
simulator,  of  absorptivity  and  reflectivity? as  a  function  of  temperature. 
The  results  are  given  in  Figure  4-1.  This  data  is  of  obvious  value  in 
the  design  of  a  solar  thermoelectric  converter.  Based  on  these  results 
Kinney  was  selected  to  apply  the  coating  to s the  collector  plates  of  the 
prototype  converters  fabricated  during  this  program. 

4.2  Thermoelectric  Materials 

Certain  criteria  have  been  established  -  as  a  guide  to  thermoelectric 
material  selection  for  solar  flat  plate  thermoelectric  generators: 

■f  '.  v 

(a)  Figure  of  Merit,  Z,  as  a  function  of  temperature. 

(b)  Availability  and  structural  qualities  in  small  size. 

(c)  Life  (integrity  and  stability)  in  a  thermal  cycling  and  vacuum 
environment. 

(d)  Availability  of  contacting  techniques  having  a  low  junction  re¬ 
sistance  and  appropriate  life  characteristics. 

In  a  previous  study  (3)  it  was  shown  that  the  bismuth  telluride  alloys 
.  are  the  thermoelectric  materials  of  choice  for  the  SFP  application  in  an 
Earth  orbit.  This  is  so  because  the  bismuth , telluride  materials  have  the 
highest  figure  of  merit  in  the  operating  temperature  range  that  is  most 
suitable  for  existing  collector  coatings. 

i  .  ■ 

The  Figure  of  Merit,  Z,  for  various  types  of  bismuth  telli^ide  has 
been  determined  as  a  function  of  temperature.  This  determination  was 
made  experimentally,  using  the  well  known  "AT  max."  technique  (4).  This 
tecrinique  consists  of  operating  assembled  thermocouples  in  the  cooling 
mode  and  searching  for  that  value  of  current  which  causes  the  largest 
temperature  difference  across  the  thermocouple.  Ideally,  there  should  be 
zero  heat  input  or  output  at  the  cold  junction.  The  ten^erature  measure¬ 
ments  can  be  related  as  follows: 

2 

(Tj^-T^)  maximum  »  1/2  Z  T^ 


*The  measure.ments  were  made  at  the  Naval  Radiological  Defense  Laboratory, 
Htmters  Point,  Calif. 

j '  - 

ft  , 

ft:  { 

}  ii  : 
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1  if  -»■ 

4  r.  . 

?  •;. 

■  =  hot  junction  tenperatirre,  *K 

*  =  cold  junction  teinperature,  *K 

Z  =  Figure  of  Merit,  "K”^ 

Several  types  of  thermoelements  were  tested  and  .the  .080"  x  .080"  x 
.100"  elements  manufactured  by  Melcor,  Inc.,' were  found  to  be  most  suit¬ 
able  for  this  application.  Figure  4-2  presents  the  results  of  the  tests 
of  these  elements.  Also  '.roocntcd  for  comparison  are  the  test  results 
of  large  size  Melcor  ol.e...::njs.  One  in^ortant  point,  immediately  evident 
from  this  data,  is  thar  when  ele.nents  are  processed  to  the  small  sizes 
required  for  rhis  application,  they  suffer  a  reduction  in  the  Figure  of 
Merit  of  approximately  16%  at  operating  temperatures.  This  reduction 
is  far  more  tt.an  would  be  expected  from  contact  resistance  alone.  One 
possible  explanation  is  that  microcracks  develop  during  the  cutting 
operation. 

4.3  Structural  Support 

Panel  support  s tructure  has  been  defined  as  any  feature  or  compon¬ 
ent  included  in  panel  ocs ign  for  handling  ease  or  vibration  and  shock 
resistance.  A  nun;ber  of  design  concepts  have,  been  considered  and  several 
have  been  tested. 

One  4"  X  4"  panel,  designated  F-1,  was'  constructed  as  shown  in  Fig¬ 
ure  4-3.  This  panel  used  a  plastic  foam,  Emerson  and  Gumming  Eccofoam 
SH  at  8  pounds  per  cubic  foot  density,  cemented  to  the  radiator  plate  for 
support.  An  aluminum  reflector  sheet  x%’as  also  cemented  to  the  foam. 

Holes  were  drilled  througii  the  foam  and  the  reflector  sheet  to  allow 
passage  of  the  thermoelements.  This  panel  was  then  thermally  cycled  in 
a  vacuum  of  about  10  microns.  The  collector  tenperature  was  cycled  be- 
tx\?een  450‘’F  and  100®F  while  the  radiator  temperature  varied  between  260*F 
and  yo^F.  After  a  few  cycles,  severe  warping  of  the  radiator  structure 
was  observed.  This  was  probably  due  to  the;fact  that  the  plastic  foam 
and  the  aluminum  had  different  coefficients  of  expansion.  No  further 
work  on  foam  support  structures  was  performed. 

A  4"  X  4"  panel,  designed  H-1,  was  built  using  a  radiator  support 
structu're  of  aluminum  honeycomb  weighing  4.3  pounds  per  cubic  foot. 
(Picxcell  Corp.  1/4"  cell  size,  0.002"  aluminum).  This  honeycomb  was 
cemented  to  the  radiator  plate  using  mylar  sheet  as  electrical  insulation. 
An  alurinum  foil  reflector  sheet  was  also  used.  The  construction  is 
shoi'jn  in  Figure  4.4.  This  support  structure  did  not  warp  tinder  thermal 
cycling.  Warping  of  the  collector  plates  was  observed,  however. 

In  the  F-1  panel,  stress-relief  slots  were  used  on  two  of  the  four 
collector  sheets  similar  to  those  described  in  (1) .  On  the  H-1  panel, 
these  slots  icere  extended  across  the  entire  strip.  In  all  cases  severe 
warping  of  the  collectors  under  thermal  cycling  was  observed.  This 

.  warping  caused  extensive  thermoelement  failure. 

!  7 
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CROSS  SECTION  VIEW  OF  SOLAR  FLAT  PLATE 
CONVERTOR  WITH  ALDMINUM  HONEYCOMB  SUPPORT 
STRUCTURE . 


Consideration  was  then  given  to  two  other  structural  design  con¬ 
cepts.  One  o£  these,  the  so-called  "bowed”  design  is  shown  in  Figure 
4.5.  After  intensive  study,  it  was  decided  that  tdiis  approach  presented 
formidable  fabrication  problems.  The  other  concept,  designated  "integral 
reinforced  plate"  or  IR?  is  shown  in  Figure  4.6.  Structural  Veilue  is 
provided  by  folding  plate  members  into  open  boxes  and  by  thin  walled 
alimiinum  tubular  members.  Table  4-1  con^ares,  in  a  qualitative  manner, 
the  various  structural  concepts  considered. 


* 

i 
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study  of  Table  4-1  indicated  that  the  IRP  conc^t  merited  further  in¬ 
vestigation.  A  number  of  panels  were  subjected  to  thermal  cycling  without 
structural  failux'e.  These  tests  are  described  further  in  Section  5.2. 

A  program  of  sinusoidal  vibration  testing  was  then  conducted  accord¬ 
ing  to  the  following  schedule: 


Frequency  Range 

Displacement 

Loading 

Lower  Limit 

Upper  Limit 

(Double  Anplitude) 

5  cps 

14  cps 

0.5" 

- 

14 

40 

- 

5  g 

40 

400 

- 

7.5  g 

400 

3000 

- 

15  g 

A  single  sweep  was  carried  out  at  a  constant  octave  rate  in  a  mini¬ 
mum  interval  of  45  minures  from  the  lower  to  the  higher  frequency  limit. 
The  panels  were  tested  in  three  axes.  Table  4-2  gives  a  description  of 
the  panels  tested  and  the  test  results.  Because  of  the  promising  results 
and  low  weight ^  fhe  IRP  design  was  developed  to  the  point  where  panels 
could  withstrand  the  vibratory  environment.  A  coii^plete  description  of  the 
final  design  is  given  in  Section  6. 

4.4  Joining  and  Bonding  Procedure 

The  term  "joining"  is  defined  as  the  contacting  of  the  semiconductor 
thermoelement  to  a  metallic  conductor.  The  term  "bonding"  is  defined  as 
the  contacting  of  the  above  mentioned  metallic  conductor  to  the  radiator 
and  collector  sheets.  Accelerated  thermal  cycling  tests  were  used  as  the 
primary  msthod  of  evaluating  joining  and  bonding  techniques. 

The  earliest  panels  built  under  this  program  used  contacts  as  shown 
•in  Figure  4.7.  An  electrodeposited  layer  of  gold  was  applied  to  the 
aluminum  foil  so  that  the  thermoelement  assemblies  could  be  attached,  by 
soldering,  to  the  foil.  A  number  of  problem  areas  with  this  procedure 
were  iincovered  when  panel  B-4  was  exposed  to  thermal  cycling.  (See 
Section  5.2  for  test  results) 

1.  Severe  corrosion  of  the  collector  plate  was  observed  at  the  end 
of  the  test.  This  was  diagnosed  as  the  formation  of  a  gold/alimtLnum 
intermetallic  (xmpound  (A1  Au2)* 
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FIGSaE  4-7 
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TABLE  4>1 

Cos^arlsoR  of  Support  Structixre  Designs 


Property 


Weig^it 
(All  three 
concepts  have 
approximately 
equal  weij^ts) 


Electrical 

insulation 

Ihtegrlty 


Honeycomb 


Radiator  siqiport 
structure  weighs 
approximately  14 
grams/square  ft. 


Collector 

thermal 

esqiansion 


Potential 
loss  dfe  to  ' 
a  quality 
cor '  ».'ol 
reject  of 
one  collector 
bond 

Ease  of 
fabrication 


Most  difficult 
because  of 
necessity  of 
insulating  honey- 
cond)  frcMH  radiator 
plate 

Not  a  problem  if 
small  collector 
sub-plates  are 
used 


Maximum  loss  is 
one  sub-panel  of 
four  ttermo- 
elements 


Some  problems  due 
to  requirement  of 
electrical 
insulation  and 
handling  of 
honeycomb 


Bowed 


Integral 

'Tiatr^ 

(IRP)(BOX) 


Required  structural  Radiator 

conponent  require-  siqtport  struc- 

ments  are  such  that  ture  weighs 

a  weight  equal  to  14  grams/square 

that  of  the  ^integral  foot  maximum 

reinforced  plate” 
structure  is  estimated 


More  difficult  than 
the  ”IRP”  because  of 
menhers  that  go  be¬ 
tween  the  radiator 
and  the  collector 


A  possible  problem 
area  because 
collector  cannot  be 
divided  into  sub¬ 
plates 

Maximwn  loss  is  one 
sub-panel  of  12-16 
thermoelements  , 
depending  iqion 
collector  spacing 


Expected  most 
difficult 


Very  easy  to 
insulate • 


Not  a  problem 
if  small 
collector  sub¬ 
plates  are 
used 

Maximum  loss 
is  one  sub¬ 
panel  of  four 
thermoelements 


Fabrication 
is  extremely 
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Test .  Sample 


2.  Solder  bonds,  both  collector  and  radiator,  were  open  on  a  large 
number  of  sai^les.  This  was  diagnosed  as  alloying  of  the  lead/tin  bond¬ 
ing  solder  with  the  joining  solder  resulting  in  a  low  melting  point  alloy. 

Problem  (1)  was  resolved  by  substituting  nickel  for  the  gold  elec¬ 
trodeposit.  Because  a  thicker  layer  of  nickel  than  of  gold  is  required 
for  soldering,  weight  considerations  dictated  that  the  nickel  be  applied 
only  where  needed  for  thermoelement  contacta.  The  nickel  was,  therefore, 
electrodeposited  dLn  a  selective  manner. 

Problem  (2)  was  resolved  on  the  collector  side  by  eliminating  the 
nickel  cap  of  Figure  4-7  and  soldering  the  thermoelement  directly  to  the 
electrodeposited  nickel.  A  nickel  cup,  1/4"  diameter  by  Q.002’’  thick, 
was  used  on  the  radiator  side  to  prevent  solder  cross-over.  The  re¬ 
sultant  contacting  methods  are  shown  in  Figure  4.8.  A  discussion  of  the 
experimental  evaluation  of  this  procedure  will  be  found  in  Section  5. 

All  delivery  prototype  panels  used  these  joining  and  bonding  techniques. 


5 .  DEVELOPMENTAL  TESTING 
5.1  Resistance  Stability 

In  accordance  with  contractual  requirements,  a  test  was  performed 
to  determine  resistance  changes  of  thermoelement  assemblies  as  a  function 
of  time  at  constant  tenperature.  Six  positive  thermoelements  and  six 
negative  thermoelerr^nts  were  tested.  The  element  size  was  2mm  x  2mm  x 
2.5m''.i  long.  Figure  5.1  shows  the  sanple  construction  while  Figure  5-2 
shows  the  test  apparatus  arrangement.  The  cold  junctions  of  all  the  ele¬ 
ments  were  water  cooled  while  the  hot  junctions  were  heated  with  infra¬ 
red  lanps. 

The  test  was  run  for  a  total  duration  of  1,000  hours.  Frequent 
readings  of  thermoelement  resistance  and  temperature  were  taken.  The 
test  results  are  plotted  on  Figures  5-3,  5-4-,  and  5-5.  Both  resistance 
and  hot  junction  tenperature  data  are  presented. 

Examination  of  the  data  has  led  to  the  following  observations: 

1.  Day  to  day  fluctuations  were  present  in  the  resistance  readings. 
These  fluctuations  were  as  much  as  +  10;^.  The  variation  in  hot  junction 
tenperature  is  believed  to  have  caused  a  part  of  this  resistance  varia¬ 
tion.  Reading  errors,  may,  of  course,  be  the  cause  of  some  of  the  more 
severe  day  to  day  changes.  The  changes  where  resistance  is  seen  to  de¬ 
crease  are  believed  to  be  caused  by  improvement  of  the  element  junctions 
occuring  with  rime  and  tenperature  in  vacuttn.  Conversely,  some  of  the 
resistance  increases  may  have  been  caused  by  local  junction  separation 
caused  by  thermal  stresses. 

2.  In  spite  of  the  day  to  day  variations  in  individual  elements,  the 
average  resistance  of  all  sanples  was  remarkably  stable.  For  example, 
the  total  resistance  of  all  12  elements  increased  by  only  1.0%  during  the 
1,000  hours.  Considering  the  fact  that  the  tejiperatures  were  slightly 
higher  at  the  end  of  the  test  than  at  the  start,  the  true  change  in 
sartple  resistance,  which  is  a  function  of  tenperature,  was  actually  less 
than  2%. 

3.  One  of  the  difficulties  that  developed  in  this  test  was  non- 
uniform  hot  junction  temperatures .  This  temperature  spread  can  be  seen  . 
in  the  data  of  Figures  5-3,  5-4  and  5-5. 

4.  Readings  were  not  ta]<en  after  550  hoin’s  for  sanples  PB  and  NB 
because  of  failures  in  the  wires  used  for  measurements. 

5.2  Thermal  Cycling 

As  mentioned  above,  the  primary  method  adopted  for  evaluating  bond¬ 
ing  and  joining  procedures  during  the  development  program  was  accelerated 
thermal  cycling  in  vacuo.  This  was  considered  to  be  an  efficient  method 
of  uncovering  defects  in  techniques  or  materials.  Because  the  solar  flat 
plate  thermoelectric  generator  is  a  very  simple  device,  a  number  of  de¬ 
sign  changes  can  be  incorporated  into  one  sanple  without  one  phenomena 
masking  another. 
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Table  5-3  presents  a  sanple  description,  test  method  and  simmary  of 
resiilts  for  ‘■he  various  samples  tested.  Tables  5-4  and  5-5  give  bonding 
procedures  for  various  sanples.  Figures  5-6  and  5-7  give  test  data  for 
certain  samples. 

The  purposes  of  the  various  thermal  cycling  tests  were  for  evalua¬ 
tion  of  structural  designs,  thermoelement  processing  or  bonding  tech¬ 
niques.  The  purpose  and  results  of  specific  tests  are  discussed  in 
Section  4  of  this  report. 
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TABLE  5-3.  TirERHU  CYCLING  TEST  DATA 
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table  S-if 


Description  of  Bonding  Techniques  Evaluated  For  Both  Collector 


Type 


B 


Application 


Collector 


Radiator 


Collector 


~^d' Radiator 
Description 


1/4”  diameter  nickel  cups  soldered  to 
thernraeleir.ents .  Cups  soldered  to  nickel 
plated  aluminum  collector  with  Pb/Ag/Sn 
solder. 

Same  as  A  except  use  of  Pb/Sn  solder  be- 
txtfeen  ciq)  and  nickel  plated  aluminiam 
radiator. 

The  thei'-rr.G elements  are  soldered  to  1/8"  x 
I/S”  X  0.GC5"  thick  nickel  straps.  S.traps 
spot  welded  to  aluminiim  collector. 


Collector  or 
Radiator 


Collector 


Radiator 


Elements  soldered  to  1/8"  diameter  nickel 
caps,  0.002"  thick.  The  cap  is  soldered 
to  nickel  plated  alujninum  v;ith  a  solder 
that  is  compatible  with  the  soldei'  used  for 
thermoelement  to  nidcel  contacting. 

Thermoelement  is  soldered  directly  to  a 
1/4"  diarrojer  x  C.LC2"  thick  nickel  disc 
spot  welded  to  aluminim)  collector. 

lA"  diameter  nici<el  cups  soldered  to 
thermoelements.  Cups  soldered  with  Ph/Sn 
solder  to  1/4"  diameter  nickel  disc  spot 
welded  to  aluminum  radiator. 


1/4"  diameter  nickel  cups  soldered  to 
rhermoaleiTivU^ts .  Ci;ps  soldered  with 
?h/lg/Sn  solder  to  1/4”  diameter  nickel 
disc  spot  welded  to  aluminum  radiator. 


3a 


1 

is 

I 


XcLOUX&^j.Oii  ux  jsuiiu^i^  xcuiuixt^iISS  vIScu  CH  ITSS^  ScuHpXcS 


Sample  Number 


Collector  Bonding 
Technique 


A 

C 

c 


Radiator  Bonding 
Technique 


33 


■;3RI  CATION 


G .  ?i\OTGTi?E  TA\£:.L  F 

The  ri.ial  design  of  panels  under  progrfun  was  based  upon  the 

following; 


(a)  Thermoelenient  type  and  size  was  based  upon  the  analysis  des¬ 
cribed  in  Section  4.2. 

(b)  Thermoelement  spacing  was  based  upon  the  analysis  of  Section  3. 

(c)  The  collector  coating  was  based  upon  the  work  described  in 

Section  4.  * 

(d)  The  panel  structural  design  was  based  upon  the  work  described 
in  Section  4.3. 

(e)  The  joining  and  bonding  procedures  were  based  upon  the  work 
described  in  Section  4.4. 

The  4"  X  4"  panel  is  depicted  in  Figure  6-1.  This  panel  has  tiio 
thermocouples  in  series  with  each  leg  of  each  thermocouple  consisting  of 
four  thermoelements  in  parallel.  Power  leads  and  voltage  measurement 
leads  are  supplied.  Suitable  tenperature  sensors  are  provided.  The 
radiator  is  coated  with  "Krylon"  fiat  black  enamel.  Figure  6-2  depicts 
a  similar,  12”  x  12”,  panel. 

The  fabrication  procedure  is  as  follows; 

1.  The  radiator  and  collector  plates  are  selectively  electroplated 
with  rtLckel. 

2.  Solder  is  applied  to  the  electroplated  areas. 

3.  The  collector  plates  are  coated  by  Kinney  Vacuum  Con^pany,  Camden, 
New  Jersey,  with  spectrally  selective  coating. 


•  4.  The  collectors  are  cut  to  size  and  folded. 

5.  The  thermoelements  (previously  out  to  size)  are  soldered  to  the 
nickel  "ci^/S". 

6.  The  thermoelements  a  soldered  to  collectors,  two  positive 
elements  and  two  negative  elements  on  each  collector  sub-plate. 

7.  The  radiator  sub-panel  is  assembled  with  tubing,  electrical  in¬ 
sulation  and  cement  as  required.  ^ 

8.  The  final  assembly  of  collector  sub-panels  to  radiator  panel  is 
then  made. 

Figixre  6-3  is  a  photograph  of  a  consisted  panel. 
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Tc.::le  5-1  presents  a  weigjit  analysis,  based  on  measurements,  for  a 
12"  X  1?"  panel.  The  panel  weight  at  present  is  53.4  grams  prr  square 
foot,  exclusive  of  tenders ture  sensors,  power  wires  and  voltage  wires. 
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TABLE  6-1 


Weight  Analysis  For  the  Solar  Flat  Plate  Thermoelectric  Generator 


2 

Component  gms/ft 

Thermoelectric  material  10.0 

Nickel  electroplate  or  radiator  and  collectors  1.6 

Solder,  thermoelement  to  nickel  7.4 

Cups  2 . 9 

.001"  aluminum  collector  plate  6.5 

Collector  support  structure  3.9 

.0015"  radiator  plate  '9.7 

Raaiator  support  structure  2,0 

Solder  (radiatoz'  side,  metal  to  metal)  1.8 

Hard  coated  aluminum  support  tubes  2.8 

Epoxy  cement  4 . 8 

Temperature  sensors  2 . 0 

TOTAL  55.4 

TOTAL,  less  temperature  sensors  53.4 


Rather  straightforward  development  may  be  able  to  reduce  this  weight  by 
1.5  to  2.0  gram.i  per  square  foot  by  allowing  the  use  of  lower  solder 
weights  and  less  cement.  A  major  weight  reduction  could  occur  if  the 
element  length  were  decreased  but  this  requires  development  effort. 
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7.  PROTOTYPE  PANEL  TESTING 
7.1  Performance 


I 


In  accordeince  wi vn  contract  requirements,  a  total  of  three  panels, 
two  4”  X  4"  and  one  12"  x  12",  were  asse/.lled  as  described  in  Section  6. 
These  panels  v;ere  assembled  into  the  test  apparatiis  schematically  de¬ 
picted  in  Figure  7-1.  The  apparatus  consisted  of  an  evacuated  bell  jar 
containing  n  heat  sinl<  cooled  by  liquid  nitrogen  and  a  set  of  four  in¬ 
candescent  lamps  comprising  the  heat  source.  Each  test  panel  was  sus¬ 
pended  between  the  source  cuid  the  sink  and  the  enclosiire  was  evacuated 
to  2  X  10"5  torr. 


T'.-.'O  thermal  cycles  were  .•‘mposed  upon 
of  55  nunutes  on/35  rinute^  .-.t  least 

readings  and  two  cold  “  unctio..;  tsnperatvu'e 
of  each  "on"  period.  Tne  pan^l  v;a3  connac 
that  open  circuit  voltage,  closed  circuit 
measured  at  the  end  of  e.:.ch  "on"  period. 


each  panel,  a  cycle  consisting 
two  hot  j motion  terrperature 
readings  were  taken  at  the  end 
ted  across  a  matched  load  so 
voltage  and  current  could  be 
The  data  is  tabulated  in  Table 


7-1. 


Certain  comments  can  be  made  concerning  this  data: 

1.  The  problem  of  non-uniform  heat  flux  was  severe- -especially  with 
the  12"  X  12"  panel. 

2.  The  liruid  nitrogen  cooling  wat  less  effective  with  sanple  PB-5 
than  it  was  with  th.c  other  two  test  articles. 

3.  hTien  tlie  panel  pov-’cr  output  is  corrected  to  the  theoretical 
operating  temperature  diffurmce  then  sample  ?B-6  would  develop  1.1  watts 
cind  sample  y^-5  would  develop  1.35  watts.  This  latter  value  is  close  to 
the  corrected  power  out^juts  measured  for  other  panels  tested.  This  cal¬ 
culation  is  subject  to  som.e  e.ror  depending  on  how  closely  the  avereige 

of  the  installed  ter.mcrw.ture  o^nsors  reflected  the  actual  -average  tenpera- 
ture  difference  across  t..e  panel. 

4.  The  difference:'  .'n  developed  pov.’sr  between  successive  runs  for 
PB-5  and  ?B-5  are  reaaily  explained  by  small  te.'iperature  changes. 

7.2  Sinusoidal  Vibration  Testing 

f 

In  accordance  with  contract  requirements,  a  total  of  three  panels*, 
tiro  4"  X  4"  and  one  12"  x  12"  were  subjected  to  Idie  following  sinusoidal 
vibration  test; 

Test  in  each  axis  proceeding  at  a  single  sweep  at  a  constant  octave 
rate  from  the  lower  to  the  upper  frequency  limit  in  not  less  than  45 
minutes .  * 


*PB-1,  PB-5,  P3-6 
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5~14  0.5'*  do'uble  anplitude 

14-40 
40-400 
400-3000 


*  G '  Loading 


5 

7.5 

15 


The  testing  was  performed  on  a  Model  C-10  electromechanical  shaker 
manufactured  by  the  1©  Electronics  Conpany. 

In  the  sinusoidal  vibration  test  the  panel  was  mounted  to  a  fixture 
by  using  the  aluminum  support  tvibes.  The  tubes  were  clamped  on  the  por¬ 
tion  extending  beyond  the  converter  area  proper.  This  applies  also  to 
the  random  vibration,  the  acceleration  and  the  shock  tests. 

The  resistance  of  each  panel  was  measured  before  and  after  each 
sweep  in  each  axis.  No  resistance  change  v:as  detected  on  any  panel. 

Certain  resonant  frequencies  in  the  collector  panels  v;ere  noted  as  follows: 

Panel  Resonant  Frequencies  With  Panel  Horizontal 

PB-1  70,  140,  290  cps 

PB-5  140  cps 

•  PB-6  130,  240  cps 

No  visual  evidence  was  observed  of  any  panel  damage  due  to  this  vi¬ 
bration  testing. 


7.3  Random  Vibration  Testing 

This  test  was  conducted  by  Associated  Testing  Laboratories,  Inc., 
Wayne,  New  Jersey  and  is  documented  by  their  rcporc  J231-4707.  The  test 
required  random  vibration  along  each  axis ,  white  noise  with  an  anplitude 
of  O.C5g2  per  cycle  per  second  from  15  to  2000  cps  for  5  minutes.  The 
equipment  used  can  be  listed  as  follows: 

Vibration  Exciter  Ling  Electronics  Corp.  Model  275 

Power  Cubicle  -  " 

Model  PP-6 0/100  VO-1 

Remote  Control  Console  Ling  Electronics  Corp. 

Model  102- (1001-1)  ' 

Random  Noise  Control 

Console  .  Ling  Electronics  Corp. 

Model  R-1001-3  " 

Resistance  measurements  made  before  and  after -each  run  on  each  of 
the  three  peinels*  indicated  no  change.  Visual  examination  of  each  panel 
at  the  conplction  of  each  axis  of  vibration  revealed  no  evidence  of 
physical  damage. 

♦EB-1,  PB-5,  PB-6 
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7.4  Acceleration  Testing 


The  three  panels  were  subjected  to  an  acceleration  test  of  12  "g" 
for  10  minutes  in  each  of  the  tliroe  mutually  perpendicular  axes.  The 
testing  was  performed  by  Associated  Testing  Laboratories  on  their  Model 
AC-10,000  radial  accelerator  and  is  documented  by  their  report  J231-4707. 


No  changes  in  electrical  resistance  or  appearance  were  detected  due 
to  this  testing. 


7.5  Shock  Testing 


This  test  requires  that  three  shocks  of  40  g's  each  for  6  milli¬ 
seconds  be  applied  in  each  cf  the  three  mutually  perpendicular  axes  of 
each  of  the  three  panels.  The  test  was  performed  on  an  Avco  Shock 
Machine,  Model  SM- 005,  using  a  Pk  015  pad  calibrated  by  Avco  on  March 
;  20,  1964. 

s  ^ 


No  changes  in  electrical  resistance  or  appearance  were  detected  due 
I  to  shock  testing. 

'  7.6  Thermal  Cycling  Test 

I 

i  This  test  requires  that  one  12*'  x  Z.2"  panel  and  one  4"  x  4”  panel 

j  be  subjected  to  500  thermal  cycles  of  55  minutes  on/35  minutes  off  each 
1  and  that  temperatures  and  pev.-er  output  bw  .measured  on  a  daily  basis, 

j  The  test  was  performed  in  the  apparatus  schematically  depicted  in  Figure 
I  7-1  with  the  exception  that  water  cooling  was  used  rather  than  liquid 
I  nitrogen. 


■  The  panels  were  connected  to  a  matched  load  and  power  output  was 

j  determined  by  m.easur...  currc..t  ^.nd  voltage  drop  across  the  load.  The 
I  data  for  the  12"  x  li"  panel,  Pl-l,  is  given  in ^ Table  7-2.  The  data  for 
\  the  4"  X  4"  panel,  PE-6,  is  given  in  Table  7-3. 

j 

I  As  discussed  aheve,  Section  7-1,  the  12"  x  12"  panel  (PB-1)  was  sub¬ 

jected  to  a  very  non--.'.iform  heating.  This  caused  a  considerable  uncer¬ 
tainty  in  the  relationship  bet^.v’een  measured  panel  power  output  and  the 
panel  power  output  in  operational  conditions.  The  stability  of  the 
measured  power  ouvpuc,  see  Table  7-2,  is  considered  satisfactory,  however. 

The  stability  of  the  4"  x  4"  panel,  PB-6,  was  less  satisfactory.  A 
gradual  reduction  in  power  output  took  place  during  the  test,  see  Table 
7-3,  resulting  in  a  total  reduction  of  about  25%.  About  9%  of  this  change 
is  a  result  of  a  panel  resistance  increase.  The  remainder  is  a  result  of 
a  decrease  in  panel  voltage.  When  the  500  cycles  were  conpleted,  the 
panel  was  examined  and  one  open  element  was  found.  This  would  account 
for  about  6%  of  the  resistance  change  of  9%.  When  the  panel  was  removed 
from  the  test  apparatus  a  second  open  element  was  found.  It  is  reasonable 
to  st^pose  that  this  second  element  was  partially  open  during  the  test, 
thereby  accqionting  for  the  balance  of  the  resistance  change.  No  explana¬ 
tion  can  be  offered  for  the  voltage  decrease. 
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TABLE  7-2 


« 


Cycling  Test  Results  For  Panel  PB-1 


Vacuum;  2  x  10**^  Torr. 


Cycle:  1  hour  an/1/2  hour  off 


Panel  Size 
12’?  12” 


No.  of 
Cycles 

Hot  Junction 
Tenperature  "C 
(Average) 

Cold  Junction 
Temperature  *C 
(Average) 

Power  Output 

Watts/ft^ 

Power  Output 
Watts/ft^ 
Corrected* 

16 

174 

76 

.528 

1.19 

48 

177 

72 

.563 

1.10 

64 

174  • 

79 

.577 

1.25 

128 

179 

79 

.573 

1.24 

160 

177 

80 

.550 

1.27  . 

176 

179 

81 

.572 

1.29 

192 

178 

80 

.574 

1.29 

240 

174 

80 

.545 

1.33 

256 

177 

82 

.547 

1.31 

272 

174 

81 

.558 

1.39 

304 

179 

83 

.530 

1.24 

352 

180 

83 

.552 

1.28 

368 

180 

83 

.561 

1.28 

384 

178 

82 

.535 

1.25 

400 

180 

64 

.563 

1.32 

416 

177 

82 

.558 

1.34 

512 

179 

84 

.552 

1.32 

♦Corrected  to  theoretical  tengperature  difference  of  147® C.  Correction 
performed  by  ewsuming  that  power  output  is  proportional  to  the  square  of 
the  temperature  dxxxerence. 
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TABLE  7-3 


Cyclin.t  Test  Results 

ror  Panel  PB-6 

• 

10“^  Torr. 

Cycle:  1  hr.  on/i/2  hr.  off 

Panel 

Size:  4”  x  4” 

No.  of 
Cycles 

Hot  J’unction 
Tenperatitce  “ 
(Average) 

Cold  Junction 

C  Temperature  “C 
(Average) 

Power 

Output 

Watts 

Power 
Output  2 
Watts/fr 

Power  Ourtut 

Watts/ft^ 

Corrected* 

16 

221 

97 

.101 

.909 

1.20 

4S 

225 

98 

.105 

.945 

1.25 

64 

227 

97 

.102 

-918 

1.17 

128 

225 

96 

.094 

.846 

1.10 

160 

225 

94 

.  095 

.855 

1.06 

176 

222 

94 

.093 

.837 

1.10 

192 

228 

96 

.095 

.855 

1.06 

240 

227 

95 

.093 

.837 

1.03 

256 

230 

97 

.094 

.845 

.98 

272 

227 

94 

.094 

.846 

1.03 

304 

226 

92 

.092 

.828 

1.00 

352 

231 

95 

.091 

.  8x9 

.96 

368 

229 

95 

.093 

.837 

1.02 

384 

232 

100 

.091 

.819 

1.01 

400 

234 

100 

.088 

.792 

.96 

416 

231 

101 

.087 

.783 

1.00 

512 

232 

100 

.081 

.729 

.90 

*Correcv:eG  to  theoretical  terrgcvature  difference  of  147“ C. 

Correction  perfornied  hy  assuming  that  power  output  is  proportional  to  the 
square  of  the  tenperature  difference. 
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8.  OPERATIONAL  ANALYSIS 


The  results  of  this  research  program  car.  be  broadly  stated  as  fol¬ 
lows:  witn  respect  to  panel  x%’aignt  and  reliability  the  results  were  more 
than  satisfactory,  with  respect  to  efficiency  the  results  were  distinctly 
disappointing.  In  this  section,  an  analysis  will  be  made  of  the  expected 
performance  in  orbit  of  the  panels  fabricated  under  this  program.  It  is 
also  of  interest,  however,  to  evaluate  the  performance  of  panels  incor¬ 
porating  certain  specific  improvements.  Before  doing  this,  it  is  impor¬ 
tant  to  investigate  the  reasons  why  the  efficiency  of  the  prototype  panels 
was  unsatisfactory  and  what  improvements  might  be  made. 

The  reasons  why  the  delivery  panel  efficiency  was  low  can  be  listed 
as  follows: 

Ca)  The  efficiency  of  the  collector  coating  used  was  only  8096  that 
initially  expected. 

(b)  The  efficiency  of  the  basic  thermoelectric  material  available 
for  prototype  panels  was  only  7896  of  that  initially  expected. 

(c)  The  efficiency  of  the  micro-thermoelements  used  in  prototype 
panels  was  only  8496  of  the  efficiency  of  the  basic  thermoelectric  materi¬ 
al. 

(d;  After  assembly  into  the  panels  a  loss;  in  Scebeck  voltage  oc¬ 
curred  (for  i-easons  not  presently  known)  which,  resulted  in  the  thermo¬ 
elements  having  an  additional  25%  efficiency  loss. 

(e)  Another  lC-1596  power  loss  occurs  due  to  either  (1)  variations  in 
thermoelement  properties  or  (2)  uneven  heating  of  the  thermoelements. 

For  convenience,  two  basic  classes  of  technological  improvements 
will  be  defined.  Class  I,  an  improvement  requiring  distinct  materials 
or/eind  process  developments  and  advances.  Class  II,  an  improvement  that 
can  be  expected  by  straightforward  engineering  procedures. 

Items  (a)  and  (b}  in  the  list  above  are  considered  to  require  Class 
I  improvements  in  order  to  achieve  an  efficiency  increase.  Items  (c), 

(d)  and  (e)  are  considered  to  reqviire  Class  II  in5)rovements  in  order  to 
achieve,  an  efficiency  increase. 

The  performance  at  present  is  only  30-3596  of  that  initially  predict¬ 
ed.  The  Class  II  inprovemer.cs  would  increase  this  to  60%. 

The  overall  efficiency  initially  predicted  was  3.8%  or  5  watts/ft^. 

It  is  now  realized  that  if  both  the  collector  coating  and  the  thermo¬ 
electric  materials  performed  exactly  as  predicted,  only  4-4.5  watts/ft^ 
would  be  achieved  because  of  sheet  electrical  resistance  losses  in  the 
radiator  and  collector  plates.  The  actual  value  would  depend  on  sheet 
thickness  and  a  trade-off  between  efficiency  and  weight  is  indicated. 
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Tha  performance  test  data  for  the  solar  f.lat  place  panels,  12”  x  12” 
size,  is  open  to  considerable  doubt  because  of  the  vtncertainty  ielative 
lo  heat  flux  uniformity  (see  Section  7.1).  The  data  for  4"  x  4’’  panels 
is  more  representative  of  the  performance  power  to  be  expected  under  uni¬ 
form  heating.  Ti'.is  indicates  a  power  output  of  about  1. 3-1.4  wutts/square 
foot.  Class  II  improvements  could  increase  this  to  2-3  to  2.6  watts/sq. 
foot.  Class  I  improvements  could  increase  this  to  3.5-4  watts/square  foot. 
Table  8-1  presents  this  efficiency  data  and  specific  power  data. 

TABLE  8-1 


Panel  Efficiency  and  Specific  Powc  r 

.  ^  ,  _  .  -  .  n_ ,  i-f  ■! 


Status 


V.atts/sq.  ft. 

Present  1.3-1. 4  11-12 

Class  “I  itprovemenrs  2. 3-2. 6  2C-2i 

Class  I  improvements  3.5-4  30-34  • 

Cost  is  an  operational  factor  of  considerable  interest.  A  cost  es¬ 
timate  has  been  made  for  the  fabrication  of  sufficient  .•hermoub.  ;tric 
solar  panels  to  provide  over  one  killowatt  of  power,  ft  was  assumed  that 
some  additional  development  work  would  precede  such  fabrication. 

The  cost  estimates  given  in  T-able  8-2  assume  that  one  system  per  year 
would  be  produced.  Tbe  costs  .ire  for  panels  only  and  uo  not  include  de¬ 
ployment  or  orientation  mechanism. 

T/J)LE  8-2,  i 


Watts/lb. 

11-12 
20-22 
30-34  • 


Solar  Flat  Plate  ^Cest  Estimate 


System  Poxver  Level 

2-3  kv?. 
c  —  7  . 

15-18  kw 
27-30  kw. 


Dollars  Per  Watt 

$31.90 

26.00 

22.10 

20.00 
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9.  THERMAL  STOIL-.SE  EVALUATION 


9.1  Design 

A  space  vehicle  in  a  300  mile  Earth  orbit  will  be  in  the  Sun  appro- 
imatcly  55  min  ites  and  in  shadow  approximately  35  minutes  for  each  orbit. 
It  will  be  assumed^  for  rhe  purposes  of  this  discussion,  that  the  space 
vehicle  has  a  continuous  requirement  for  electrical  power.  If  the  source 
of  electrical  power  is  a  solar  energy  converter,  then  a  requirement  exists 
to  store  energy  during  the  sunlight  period  for  use  during  the  Earth  shad¬ 
ow  period.  It  has  been  customary  to  use  electrochemical  batteries  for 
such  storage.  It  is  the  purpose  of  this  analysis  to  examine  storing 
energy  in  the  form  of  heat  in  conjunction  with  a  solar  flat  plate  thermo¬ 
electric  generator.  Since  this  system  has  certain  growth  possibilities, 
it  is  of  interest  to  examine  thermal  storage  with  respect  to  existing 
technology  and  with  respect  to  certain  state-of-art  advancements. 

Storage  Mech3U'iism  Selection 

A  narber  of  r.atvrul  phenomena  can  be  considered  for  the  thermal 
storage  of  energy.  I'nese  may  be  generally  categorized  as  follows; 

(a)  The  heat  capacity  of  a  siibstance  undergoing  temperature  changes. 

(b)  Substances  chat  utilize  the  heat  of  vaporization. 

(c)  Substances  that  utilize  the  heat  of  fusion. 

Since  phase  change  transformation  v;ill  almost  always  store  more 
energy  per  unit  mass  than  the  heat  capacity  of  a  material  and  since  con¬ 
stant  temperature  operation  is  very  desirable  for  a  thermoelectric  con¬ 
verter,  (a)  above  can  be  eliminated  from  further  consideration.  The  use 
of  the  heat  of  vaporization  ^b)  has  two  principal  drawbacks.  The  vapor 
must  go  through  a  considerable  volume  change  at  constant  pressure.  This 
implies  a  collapsible  container,  and  a  mechanism  to  maintain  constant 
force  on  the  container.  Even  if  a  vapor  can  be  found  with  a  suitable 
condensing  pressure,  the  containment  vessel  would  undoubtably  add  con¬ 
siderable  weight,  especially  if  meteorite  protection  were  added.  In 
addition,  vapors  are  generally  poor  heat  conductors,  so  that  evaporation 
would  occur  from  the  vessel  surface.  If,  in  the  process  of  ^aporation> 
droplets  are  separated  from  the  mass,  there  is>  in  the  absence  of  gravity, 
no  force' available  to  bring  them  back  to  it.  Each  time  they  approach  the 
wall,  they  will  encounter  a  flow  of  vapor  away  from  it  which  would  tend 
to  keep  them  floating  in  the  center  of  the  vessel.  This  could  result  in 
dry  spots  developing  and  over-heating,  which,  if  they  do  not  burn  through, 
would  radiate  abnormal  quantities  of  heat  and  decrease  the  efficiency  of 
the  generator. 

The  heat  of  fusion  (c)  is  the  most  promising  of  the  mechanisms  that 
have  been  considered.  Since  the  vapor  pressure  of  many  substances  is 
very  low  at  their  melting  point  and  since  specific  volume  changes  that 
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occuc  in  going  from  t]'„  solid  to  the  liquid  phase  are  relatively  small, 
tlie  problem  of  containing  a  malting  solid  is  much  less  difficult  than  that 
of  containing  an  evaporating  liquid. 

Storage  Material  Selection 

The  criteria  that  have  been  established  for  storage  material  selec¬ 
tion  are;  (a)  melting  temperature,  (b)  heat  of  fusion  (in  BTU  per  pound), 
(c)  specific  power  of  t]ie  system  in  watts  per  pound,  and  (d)  weight  of 
thermal  storage  material  container. 

A  previous  study  (3];  in.iicated  that  a  melting  temperature  in  the 
range  500“F  and  500°F  wouli  be  desirable  for  the  thermoelectric  materials 
and  optical  coatings  suitable  for  solar  fiat  plates.  Table  9-1  presents 
a  list  of  the  candidate  materials,  their  heats  of  fusion  and  melting  temp- 
eiatures.  If  the  specific  power  in  watts  per  pound  for  solar  flat  plate 
thermoelectric  converters  with  thermal  storage  is  calculated,  the  heat  of 
fusion  of  lithium  is  found  to  be  the  most  suitable  storage  mechanism  (3) . 

System  Thermal  Analysis 

The  sketch  below  illustrates  the  thermal  inputs  and  outputs  of  a 
solar  fiat  plate  with  energy  storage.  ill 


=  solar  flux 
=  reflected  heat 
=  re-radiated  heat 


q  =  heat  available  for  conversion 
a 

q^  =  intra-plate  radiation 

=  heat  rejected  from  radiator 
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FIGURE  9-1.  RESISTANCE  OF  MATERIALS  TO  LIQUID  LITHIUM 
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Beryllium,  Chromium,  Vanadium 
Zirconium,  Titanium 
Colunibium,  Tantalum,  Molybdenum 
^  Nickel  and  Nickel-base  Alloys 
*  Cobalt-base  Alloys 
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Rubber  and.  Plastics 
Magnesia 
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Resistance  Ratings: 


Good 


These  ratings  refer  to  llquld- 

metal  resistance  only  —  not  to  ‘  lii  Tl  1]  Limited 

teii|>erature,  dependent  .mechanical 

strength  of  metallurgical  [  VT^  M  Poor 

stability. 


-  Consider  for  relatively 
long-time  use. 

-  Short-time  use  only. 

-  No  structural 
possibilities . 


I  1  Unknown  -  Information  inadequate. 


R.  N.  Lyon,  Ed.,  *Tilqvld-Metals  Hwdbook”,  2d  Ed. 
Rev.,  Supt.  of  Documents,  Washington,  D.  C.,  1954. 
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■jli 

Since  a  heat  of  fusion  mechanism  is  used  for  thermal  storage,  the 
collector  (hot  junction)  tenperature  is  constant  with  time.  Since  the 
th.ormoclcctric  converter  represents  a  fixed  thermal  resistancei  q  ^  5 
q,^  and  the  radiator  (cold  junction)  tenperature  are  all  invariant ^wi 
riispect  to  time.  Due  to  the  fixed  collector  tenperature,  q, 'd6es  not 
vary  with  time. 


The  heat  through  the  converter,  q2  or  q^  +  q  ,  is  fixed  with  respect 
to  time.  The  heat  into  the  therm£il  storage  ^terfal,  q  -  q^,  is  of 
course  introduced  only  during  the  55  minute  sunlit  periSd. ^The  thermal 
input  into  the  storage  material,  q  -  q^  is  effectively  equalized  with 
respect  to  time  by  the  storage  matirial  and  a  time  invariant  thermal  in¬ 
put  can  be  defined  by  multiplying  q  -  q^  by  the  ratio  of  sunlit  time  to 
total  time:  ®  ^ 


^^s  time  invariant  =  (q^-  ^ 


(q^-  q^,)^  =  C^g”  55  minutes/90  minutes 

The  time  invariant  thermal  input  into  the  thermoelectric  converter 
is  thus  equal  to,  (q  -  rj  -  q, .  Since  q,  is  radiated  at  a  constant 
temperature  (melting^pc-.'.t^of  lit.-.i'um)  from  a  known  er.iissivity  surface 
it  can  be  evaluated.  The  ir.tra  plate  ra; 
uated  knowing  intra  plate  enussivities 

enabling  q^,  heat  available  for  conversion  to  be  determined.  Once  (q  - 
q^)  is  kndwn,  it  can  -be  combined  with  ti:e  heat  of  fusion  data  for  lithium 
aftd^the  amount  of  lithiur.  req^aired  can  be  calculated. 


radiation  q^,  can  be  readily  eval- 
and  plate  tenperatures,  thus 


Itnowledge  of  hot  and  cold  junction  temperatures  and  the  thermoelec¬ 
tric  properties  of  tiic  materials  used  allows  the  thermoelectric  effi¬ 
ciency  to  be  calciilated  which  in  turn  allows  the  panel  output  power  to 
be  determined. 

A  mathematical  analysis  of  the  solar  flat  plate,  based  on  the  dis¬ 
cussion,  is  given  in  Appendix  A-1  together  with  the  solution  of  a  sanple 
problem. 

,  The  Containment  Problem 

There  are  several  mechanisms  throug'..  v.-hich  liquid  metals,  such  as  lithium, 
may  attack  container  ma-rei-ials .  Litiiium  uses  all  these  mechanisms. 
Pirsrly,  the  molten  lithium  ear.  actually  dissolve  the  container  material 
forming  a  liquid  solution.  This  situation  is  severe  as  the  rates  of  cor¬ 
rosion  are  usually  quite  rapid.  Secondly,  a  direct  alloying  in  the  solid 
state  can  take  place  betxi/een  the  lithium  and  the  container  material.  As 
this  mode  of  corrosion  depends  on  solid  state  diffusion,  it  is  slower  and, 
hence,  less  severe.  Thirdly,  and  particularly  in  the  case  where  the 
chosen  container  material  is  a  complex  alloy,  a  selected  leaching  of  the 
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container  by  the  lithium,  in  the  molten  state,  may  take  place. 

Thus,  it  can  be  seen  from  the  large  variety  of  corrosion  modes,  that 
the  problem  of  containing  liquid  lithium  must  be  studied.  Fortunately, 
a  literature  search  has  revealed  several  promising  materials  for  our  ap¬ 
plication.  Figure  9-1  summarizes  some  data  on  the  corrosion  resistance 
of  a  number  of  materials  to  lithium  as  a  function  of  ten^>erature  (5)  . 

This  table  represents  a  good  guide  for  selecting  a  container  material. 

The  terms  good,  limited  and  poor  are  defined  as  follows: 

Term  Rate  of  Attack 

Good  ^.C01"/year 

Limited  <.01">  .  C01"/year 

Poor  >  .01  "/year 

It  can  be  seen  from  Figure  9  pure  iron  has  good  resistance 

to  attack  by  lithium.  Furthermore,  the  ferrite  chromium  stainless  .steels 
have  better  corrosion  resistance  to  lithium  than  the  austenitic  chromium 
nickel  stainless  steels.  "Among  the  non-ferrous  metals,  not  all  of  which 
are  listed  on  the  chart,  aluminum,  barium,  bismuth,  calcium,  cadmium, 
gold,  lead,  magnesium,  platinum,  silicon,  silver,  strontium,  thallium, 
tin  and  zinc,  all  have  poor  corrosion  resistance  to  lithium.  They  react 
with  lithium  to  form  compounds  that  have  no  structural  value."  It  is 
important  to  note  that  the  data  compiled  in  Figure  9-1  represents  a  num¬ 
ber  of  sources  and  reports  where  both  static  and  dynamic  testing  was 
carried  out.  Thus,  on  the  basis  of  this  compiled  evidence,  pure  iron  has 
been  chosen  as  a  candidate  container  material. 

More  recent  information  (6}  indicates  that  titanium,  .004"  thick 
wall,  will  contain  lithium  fer  a  three  year  mission.  Because  the  density 
of  titanium  is  only  57.5%  that  of  iron,  a  significant  weight  saving  is 
obtained. 

Weight  Analysis 

A  weight  analysis  of  solar  flat  plate  panels  with  thermal  storage, 
has  been  made  based  on  the  assumptions  listed  in  Table  9-2.  The  assump¬ 
tions  are  given  both  for  the  current  state- of- art  in  panel  fabrication 
and  upon  certain  improvements,  both  in  thermoelectric  material  and  in 
optical  coa'tings,  that  are  considered  reasonable. 

The  results  of  this  analysis,  both  current  and  improved  systems,  are 
given  in  Table  9.3.  Because  rhe  advanced  system  assvjmes  a  higher  collect¬ 
or  absorptivity  than  is  presently  available,  thereby  collecting  more 
energy,  a  greater  weight  of  storage  material  is  required  for  the  improved 
system.  *  . ^ 

Performance  Study 

The  results  of  the  thermal  analysis  and  the  weight  analysis  have 
been  combined  to  calculate  panel  performance  indices  for  both  current  and 
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TABLE  9-1 


Survey  of  i^andidatre  Thermal  Storage  Materials 


Material 

Melting 

Point  “C 

Heat  of  Fusion 
Calories/gram . 

179 

104 

261 

88.5 

LiHSOj^ 

170.5 

- 

MgClpKCl^HpO 

265 

- 

Kg3r2 

237 

11.0 

HgCi2 

277 

15.3 

AI2CI6 

192 

63.2 

AS2S3 

5C0 

- 

274 

30.1 

Bi 

270 

12.2 

BiClg 

230 

8.2 

K2BO3 

135 

256 

- 

MoCig 

194 

- 

K  NO. 

257 

33.4 

X  H  S  0^  ' 

210 

- 

K2S20^ 

300 

- 

AgIsCg 

212 

18 

210 

■■ 

NaClOg 

2v3 

50.7 

NaNOg 

310 

- 

NaN02' 

271 

44.7 

54.0 

KazS^ 

275 

- 

Na2S5 

251 

- 

NaCXS 

287 

55.0 

Sn 

231 

14.6 

ZnCl2 

275 

40.4 
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TABLE  9-2 


Assvuigtions  That  Form  the  Basis  of  the  Weight  Analysis 

Sunlit  Period  (9  “55  minutes 

s 

Shadow  Period  6)  «  “  35  minutes 


Solar  Flux 
Mission  Time 
Thermal  Storage  Matericil 
Storage  Material  Contcdlner 
Thermoelectric  Material 
Figure  of  Merit 

Collector  Absorptivity 

Collector  Emissivlty 

Radiator  Emissivity 


130  watts/ft^ 

3  years 
Lithium 

Iron  or  titanium 
Bismuth  tellttride,  p  and  n 
Z;  1.9  X  10“^  "C”^  (Present) 
2.4  X  10"^  “C"^  (Future) 
0.82  (Present) 

0.9  (Future) 
e^^;  0.08  (Present) 

0.05  (Futxjre) 

I  1  '• 

^2*  0.9  (Present)  .  | 

i 

.95  (Future)  i  j 

i  • 

i 

I 


57 


V 


TABLE  9-3 


A  Weight  Tabulation  of  a  Solar  Flat  Plate  With  Thermal  Storage 


Item 

#/ft^ 

Ctirrent 

State-of-Art 

Titanium-  Iron 

. 1 . . 

#/ft^ 
Advanced 
State-of-Art 
Titanium’  Iron 

Lithium  storage  material 

.69 

.69 

"l.:76 

1  i  i 

i  .76 

Storage  contciiner 

.20 

.35 

t  1  ■ 

.20 

!  .35 

Aluminum  radiator  plate 
(.004"  thick) 

.  05 

.06 

1 

■  ! 

.05 

t 

i 

■  .06 

Thermocouple  Assemblies 

.11 

.11 

.13 

i  .13 

Support  structure 

.10 

•10 

.10 

:  .10 

t 

TOTAL 

1.16 

1.31 

1 

1.25 

il.40 
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TABLE  9-4 


Performance  Indices  For  a  Solar  Flat  Plate  With  Thermal 


Index 

Watts/ft^  (Cont.) 

Watts/#  of  system 
(Continuous) 

#  of  system/watt 
(Continuous) 

Watt-hoiu»s 
ft  -  cycle 

Watt-hours 
#  -  cycle 


Current 

State-o^Art 


Titamium" 

Iron 

2.05 

2.05 

1.76 

1.56 

.57 

.64 

3.07 

i 

3.07 

Advanced 


State-of-Art_ 

Titanium  j 

•'  .  •  •  1 

:  Iron 

2.81  ! 

j 

2.81 

2.25 

1 

2.0 

.44 

.50 

4.2 

4.2 

1 


Storage 

% 

Inprovement 
of  Advanced 
System 


37 


27 


37 


2.57 


1  2.34 


3.37  i  3.0 
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improved  systems.  These  indices  a2^e  presented  in  Table  9-4.  It  is  of 
interest  to  note,  that  the  advanced  system  yields  a  greater  inprovement 
in  efficiency,  watts/square  foot,  than  in  specific  power,  watts/povmd. 

9.2  Testing 

Objective  of  Experiment 

The  object  of  this  experiment  was  to  test  the  feasibility,  in  a 
simulated  space  environment,  of  the  thermal  storage  concept  associated 
with  solar  heated  thermoelectric  fiat  plate  generators. 

Procedure 

The  storage  pad,  itself,  was  fabricated  by  sealing  a  1  1/2"  x  1  1/2" 

X  1/4"  pre-shaped  lithium  block  in  a  .304"  thick  type  304  Stainless  steel 
container.  With  the  use  of  a  thtln  layer  of  epoxy  cement,  a  bismuth  tell- 
•aride  thermocouple  assembly  was  attached  to  the  storage  package  whfle 
suitable  temperatirre  sensors  v:cre  placed  at  the  heat  collecting  surface 
and  at  thermoelemenr  hot  ana  cold  junctions. 

The  system  described  above  was  mounted  in  an  evacuated  bell  jar 
equipped  with  a  radiant  heat  source.  In  order  to  increase  the  absorp- 
tivi^  of  the  collecting  surface  of  the  storage  container,  a  graphite 
coating  was  applied  to  its  surface.  The  system  was  subjected  to  a  thermal 
cycle  consisting  of  12  minutes  off,  and  28  minutes  on. 

Discussion  of  Results 

The  numerical  results  of  this  experiment  are  summarized  in  Table 
9-5.  arature  measurements  on  the  pad  during  the  test  showed  only  a 

2‘’C  . --nee  across  the  entire  lithium  thickness.  Thus,  the  power  pro¬ 

ducing  thermocouple  hot  junction  rem.ained  essentially  at  the  melting 
point  of  lithium,  175° C.  It  may  have  been  noted  that  the  off  time  of 
this  test  cycle,  corresponding  to  the  time  required  to  conpletely  solid¬ 
ify  the  lithium,  is  lov;er  than  the  specified  orbit  dark  period  of  35 
minutes.  This  reduction  in  dark  period  time  may  be  explained  by  the 
fact  that  a  non-selective,  high  emissivity  coating  was  used  on  the  collect¬ 
ing  surface,  permitting  large  radiation  losses.  Except  for  this  altera¬ 
tion  in  cycle  period  the  system  functioned  very  well.  The  hot  junction 
temperature  remained  constant  thfeugheut  the  entire  orbit,  indicating  that 
the  storage  mechanism  was  supplying  its  latsnt  heat  of  fusion  during  the 
dark  period.  Furthermore,  the  bismuth  tellaride  thermocouple  output  volt¬ 
age  and  internal  resistance  remained  constant.  This  situation  prevailed 
for  more  than  20  operating  cycles  when  the  test  was  discontinued  and  all 
objectives  were  met. 

This  test  was  considered  successful  to  the  extent  that  thermal 
storage  was  demonstrated.  The  dark  time  capacity  was,  however,  consider¬ 
ably  less  than  the  desired  30  minutes.  This  was  believed  due  to  excess¬ 
ive  collector  losses. 
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Si^sequenl:  to  the  above  experiinent  the  test  unjLt  was  re-worked  by 
cementing  aluminum  foil,  incorporating  a  spectrally  selective  coating  to 
the  collector  side  of  the  storage  container. 

This  unit  was  assembled  in  the  apparatus  described  above  and  a  test 
was  performed.  The  storage  time  increased  but  only  to  16  minutes.  The 
reason  for  the  poor  performance  is  not  known.  The  test  could  not  be 
repeated  because  the  test  apparatus  was  required  for  thermal  cycling 
testing  of  contractual  delivery  items. 

TABLE  9-5 

Numerical  Results  of  the  Thermal  Storage  Feasibility  Test 


Collector  Ten^erature  *F  354 

Hot  Junction  Tenperature  *F  350 

Radiator  Tenperature  *7  230 

Dark  Time  Capacity  -  minutes  12 

Light  Phase  Tima  -  minutes  28 

Number  of  Cycles  Tested 
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10.  COXCLUSIOXS  AXD  REC0>2^NDAll. 

The  solar  flat  plate  chermoelectric  scnerator  has  been  si.ccessfully 
developed  with  respect  to  the  following  critei'ia; 

(a)  Light  Weight 

The  present  weight  of  less  than  55  grams  per  sc  ..urc  foot  represents 
an  advanced  state  of  v.-cight  ra  '.ucrion  for  this  compenont.  Fur  wt-.cr  sig- 
;;ificant  weight  reducricr.  ca:.  re  obtained  only  by  using  sherter  thermo¬ 
elements,  which  requires  a  major  development  program.,  or  by  u.s  ,.ng  larger 
area  th.ermoelements  on  a  greater  intr a- element  spacing.  Since  the  in- 
ised  spacing  results  in  greater  ele.etrical  emd  thermal  losses,  the 
Improvement  in  grans/square  foot  is  lintLted. 

(h}  Environmental  Integrity 

Panels  have  suceessfully  pas.;ed  thermal  cycling  sinusoidal  and  ran¬ 
dom  vibration,  shock,  and  acceleration  tests. 


(cj  Ease  of  Fabrication 

The  specific  panel  design  utilized  allows  low  cos',:  fabrication  due 
to  simplit'ied  assembly  procedures  cuid  materi-.l  costs. 

The  units  developed  under  this  program  v;cre,  however,  less  satis¬ 
factory  with  resteet  to  eo.'.version  efficiency. 

This  reduced  performance  can  be  attributed  to  t’.u  followii.g  factors: 

(a)  The  spectrally  selective  collector  coating  5..  .  c-ss  efj'icient 
t  0..  I'.ad  }-cen  i^redictcd.  An  improvement  in  this  coat  Jog  of  up  to  <!0^  can 
be  onticlj-ated.  The  /uLt*  Force  is  presently  conducting  reseurcii  in  this 
general  area. 


(b)  The  thermoelectric  m 
^l.a..  : li^d  X  een  ure^.  •  j. 
pcrtico  mere  suitable  to  the 
efficiency-  increase  of  20%  or 


:a  ter :..:-l  presently  availr  //lc  is  1 
f  ;-.;atc-r.:...ls  ..'ere  to  be  developed 
flat  platv-  operating  temp,  rature 
.more  is  possible. 


e.s  >  efficient 
].  iving  pro- 
regime  an 


(c)  rrocGu.sing  of 
suits  in  an  aaui.  taonat 


the  elements  into  solar  flat  i . :e  assor.  dies  ro 

23%  loss  for  reasons  not  prest-i-^y  ki.ow... 


he  performance  degrading  factors  listed  above  m  .r,t  be  imp-  oved  be¬ 


fore  the  c-olar  flat  plate  r.-.erm.oe  :.:-G‘tr:tc  generator  can  he  serio.  sly  con¬ 
sidered  as  a  usef-al  space  pov/er  s  -  .a-c-;.  If  such  impr.-x  emenl.’s  c.  n  be 
achieved,  a  further  set  of  proble-.as  rec- tires  investig.  .  ion.  Th.  se  concern 
the  eirection,  deployment  a...  orientation  of  large  are,,  eonverte.  s.  The 
actual  system  weight  wil^.  ,..epend  to  a  large  extent  up(.,.  the  solv.tion  to 
these  problems. 
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.'.n  analysis  and  liiriited  test  program  has  dcmci.j  jrated  the  feasibil¬ 
ity  of  thermal  eneri^y  storage,  contemplating  the  replacc.aant  of  electro¬ 
chemical  storage.  A  :  rther  systems  analysis  is  required  to  determine 
those  missions  where  thermal  storage  might  be  applicable. 

The  following  recommendarions  can  be  made.  These  recommendations  are 
intended  to  guide  further  development  leading  to  improved  solar  flat  plate 
thermoelectric  generators. 

(a)  Develop  improved  collector  coatings  useful  in  the  temperature 
range  200-250° C. 

(b)  Dev'loo  thermoelectric  materials  optimized  for  the  temperature 
•...-.ge  100-23u°C. 

(c}  Develop  processing  techniques  for  fabricating  and  assembling 
thermo  elements  j  approximately  2c.m  x  2cm  x  2.5cm  long,  without  degradation 
in  figure  of  merit. 

(d)  If  improvements  are  mace  in  the  above  areas,  then  an  investi¬ 
gation  of  deployment  and  orientation  problems  should  be  initiated. 
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APPElvDIX  A-1 


THERMAL  ANALYSIS* 

Solar  Flat  Plate  With  Thermal  Storage 


Find;  continuous  per  square  foot  of  panel 

Assume:  1.  Thorm:.!  storage  design  adecp:ate  to,,  maintain  Tj^  and  constant 
2.  Thermal  storage  utilizes  the  heat  of  fusion  of  lithium 


3.  Assume  radiation  to  absolute  zero 
Analysis; 

1.  If  7..  and  T-,  are  constant,  q, ,  q^,  q  ,  q_',  and  P  are  all 

COa^O  cCiiaU 

2.  If  all  of  the  energy  received  by  the  system  per  cycle  is 
utilized  at  a  constant  rate  then  we  can  define  an  average  thermal  power 
input  as; 


‘^SL  + 


«  a 


3.  7^  is  known  from  the  melting  point  of  lithium,  so  that  q,  can 
be  determines ; 


*See  Nomenclature 
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4-. 


(heat  balance) 


5.  Since  P.,.^  is  less  than  5%  of  the  heat  throughput  it  will  be 
neglected  hereafi-et. 


6- 


7.  ^  oC “72  ^  so  that  T«  can  now  be  determined 

S . .  ^  et ^  ^  ("neat  balance) 

V-  -  —  C  V  -  y 

q^^can  therefore  be  dctertaned,  and  in  turn, 


mined. 


9.  From  r..n  jc-.ials  information,  knowing  T..  and  T^,  Z  can  be  detcr- 


10.  Knowing  I..,  T-.,  and  Z,  can  no\^; 'be  determined  from 

...  >i**  •  W  -w/ 


11.  P^,  =  q_/3.4l  EThy^iiCur 

us  x/n  a  — r* 

^  VtcivL 

Sample  Calculation 

12.  Given:  =  t.  a  — 

C  ^  -  <7^-  C/  .i 

e  ^ 

Find; 


(See  reference  3) 


=55  minutes 


^  *  'N  point  of 

lithium) 
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13.  EIUAou^t^  (from  2) 

1^*  %!•  >^7/  ^O.  ^  ~  BTU/houy^t^  (from  3) 

15.  /*^/  BTU/hovi^/^t^  (from  6) 

16.  .  s 


T^  -  57C"li 

gjx 

17.  .J-.er  / 


(from  7) 


=*  15  ElU/hour/ft^ 


q„  =  q.,  -  q.,  =  lcl-15  =  14-6  BTU/hour-ft‘ 

c«  &  0 


(from  8) 


19.  From  materialii  data  Z  =  1.5  x  10"^  "C”^  =  1.05  x  lO"^  op-1 


20.  ^ 


21.  N„ 


-  /  -h 

'  X.' 


7C^ 


815-560  1.31-1 

816  1.31  + 


1.31  (from  10) 


(from  10) 


=  .31 


4-.  /  c/o 


22.  »  .0478  x' 146/3. 41  “  2 . 05  watts/f continuous  (from  11) 

■  2.05  watt  (1.5  hr/cycle)  »»  3.07 

ft  iii  ft^-cycle 


23.  E 


APPENDIX  A-1 


CcC-oulation  of  ox  L-xMum^  Reqviired 

The  an’.ount  of  litIJLum  required,  per  square  foot  of  panel,  is  that 
ir.ount  which  is  sufficient  ro  supply  the  energy  requirements  of  the  panel 


during  the  shadow  portxon  ox  the  cycxe. 

=  heat  of  fusion  of  litltLum,  187.6  BTU/# 

=  pounds  of  lithium  required  per  square  foot 


24.  (. 


hour 


60  minutes 


Sample  calculation 

25.  Prom  24  h  ^ 


KJoa  IS  q.  =  131  3r3/.■J/lt^  r.  =  61,  61  +  161  -  222  BHVhr-ft 

Q  =  35  Tir/.j, 

157.0  3TUAC  y  =  ^22  BTU/hr-ft^  X  35/BO 

•? 

■u  =  C.69  #/ft“  of  lithium 

the  specie _ :  gravity  ox  .iLthium  “  o.53  the  thictoiess  of  lithium 

required. 


a  A 


A. 


'  A  -  '  A'c 
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Xtea 

a 


«c 

«3 


q 

«3 


ts 


E 


ts 


Description 

Absorptivity  of  collector 

Endsslvlty  of  collector 

Emlsslvlty  of  radiator 

Intra-plate  endsalvlty 

Thickness  of  lithium  storage  material 

Resistance  ratio 

Solar  flux 

Re-radlated  heat 

Reflected  heat 

Heat  rejected  by  radiator 

Intra-plate  radiation 

Heat  available  for  conversion 

Hot  Junction  tenperature 

Cold  Junction  temperature 

Converter  power  output^  continuous 

Converter  energy  output^  per  cycle 


W  Amount  of  lithium  required 


Z 

V 

/I 

O 


lyE 


si 


Xhermoelectric  figure  of  merit 
Ihezmoelectrlc  efficiency 
Heat  of  fusion 
Shadow  time 
Sunlit  time 

Stefan  Boltzman  constant 


Dhlts 

Dimensionless 

Dimensionless 

Dimensionless 

DdLmenslonless 

Inches 

Dlmenslonles  s 

BTU/hour-ft^ 

BTU/hour-ft^ 

BTU/hour-ft^ 

BTlVhour-ft^ 

BTlVHour-ft^ 

BTU/hour-ft^ 

•r 

•r 

Watt/ft^ 


Watt-hours 

2 

ft  -  cycle 


Pounds 


Dimensionless 

BTL/# 

Minutes 

Minutes 

BTIb'Csq.ft)  (hr) 


